A : A Gas Proportional Scintillation Counter filled with pure krypton was studied. Energy resolution below 10% for 5.9-keV X-rays was obtained with this prototype. This value is much better than the energy resolution obtained with proportional counters or other MPGDs with krypton filling. The krypton electroluminescence scintillation and ionisation thresholds were found to be about 0.5 and 3.5 kV cm −1 bar −1 , respectively.
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Introduction
Gaseous radiation detectors are highly adequate for X-ray spectrometry. However, while common solid-state X-ray detectors present energy resolutions around 150 eV for 6 keV, the commonly used proportional counter may reach energy resolutions of about 800 eV. In addition, modern gaseous detectors based on hole-type structures for signal (charge) amplification may present even worse energy resolutions. Nevertheless, gaseous detectors present advantages over the solid-state ones, such as room temperature operation and large detection areas with low-cost 2D-imaging capabilities.
Gas Proportional Scintillation Counters (GPSC) are X-ray gaseous detectors where the charge signal produced by the X-ray interaction is amplified through gas secondary scintillation processes produced by electron impact, the so-called electroluminescence (EL) [1] , in opposition to the charge avalanche amplification processes commonly used in gaseous detectors. In gaseous detectors, the electrons produced in the radiation interaction with the gas medium are driven towards a region where the electric field is large enough to promote signal amplification. For GPSCs, the applied electric field is only high enough to excite but not ionise the noble gas atoms, producing a scintillation pulse through the atom's de-excitation. This electroluminescence is proportional to the number of electrons produced in the interaction. As the statistical fluctuations inherent to the scintillation process are much less than those associated to the avalanche ionisation processes and less than those associated to the charge produced by the X-ray interactions, GPSCs may reach energy resolutions around 450 eV for 6 keV X-rays. On the other hand, the need for a photosensor and the requirement for a very pure noble gas filling [2] presented a drawback in the use of GPSCs. Therefore, they have only been used in specific applications, mostly X-ray astrophysics [3] [4] [5] , and only one commercial application has been implemented [6] for X-ray spectrometry. With the development of dualphase noble gas time-projection chambers (TPCs) for direct dark matter search [7] [8] [9] and, recently, the development of high-pressure xenon TPCs for double-beta decay detection [10, 11] and for directional dark matter search [12, 13] , the EL amplification concept has been applied again.
The application of GPSCs has been limited, mostly due to the use of vacuum photomultiplier tubes (PMT) for the scintillation readout. These photosensors are fragile, bulky and power consuming devices. Alternative gaseous photosensors based on CsI-coated microstrip plates have been implemented [14] [15] [16] , as well as multi-alkali photocathode based vacuum photocells [17] . However, -1 -
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solid-state large area avalanche photodiodes (LAAPD), developed in the last two decades, and the recently developed silicon-photomultipliers (SiPMs), pixelized avalanche photodiodes operating in Geiger mode, present an actual significant alternative to PMTs [18] [19] [20] [21] . In addition, solid-state photosensors allow building large-area, yet compact, low power-consuming and cost-effective photosensor readouts with 2D-imaging capabilities [22, 23] . It is possible, thus, to have a competitive GPSC for spectrometry applications, where a large detection area and/or imaging capability are important assets [22] .
Xenon and argon are the most studied filling gases due to their use in rare event detection, e.g. WIMP dark matter and neutrinoless double-beta decay search [7] [8] [9] [10] [11] [12] [13] [24] [25] [26] . EL yield has been determined in Xe and Ar for uniform electric fields [27] [28] [29] [30] [31] as well as for electron avalanches in GEM and THGEM [32] , MicroMegas [33] and MHSP based detectors [34, 35] . While Xe GPSCs present energy resolutions a factor of two lower than those achieved with Xe-based proportional counters and micropattern detectors, Ar GPSCs present similar energy resolutions to those based on electron multiplication.
Krypton has a radioactive isotope, which disfavours its use in rare-event applications. Nevertheless, Kr is denser than Ar, much more inexpensive and presents even the highest absorption cross section for X-rays in the 14-34 keV energy range when compared to xenon. These are advantages when large detection volumes and/or high-pressure are requirements and in specific applications where its natural radioactivity background will not seriously affect its operation due to the high intensity of incident radiation, like in some x-and gamma-ray spectrometry applications, or the possibility of efficient background discrimination in rare-event detection [36] [37] [38] [39] . Kr detectors have been already proposed for double-beta decay and double electron-capture detection [37] [38] [39] .
In this work, we present studies on a Kr-filled GPSC, using a large-area avalanche photodiode as photosensor. The performance obtained in terms of electroluminescence and energy resolution will be presented with some examples of its X-ray spectrometry capabilities.
Experimental setup
The gas proportional scintillation counter used for these studies integrates a large area avalanche photodiode from Advanced Photonics, Inc. as the VUV photosensor [20] . The detector is depicted schematically in figure 1 and was used in previous works [18, 19, 28] . For the present studies, the used filling gas is krypton.
The GPSC enclosure is a stainless steel cylinder with 10 cm in diameter and 5 cm in height. It is a standard, uniform field type GPSC with a 2.5-cm thick drift/absorption region and a 0.9-cm thick scintillation region. This region is limited by two grids, G1 and G2, which are made of highly transparent stainless steel 80-µm diameter wires with 900 µm spacing. The detector radiation window is made of aluminized Melinex, 6-µm thick and 2-mm in diameter. A Macor piece insulates the holders of both radiation window and grid G1. A low vapour pressure epoxy was used to vacuum-seal the Macor piece, the radiation window and holder as well as the voltage feedthrough of grid G1. The LAAPD was placed just below the second grid, G2, and was vacuumsealed by compressing the photodiode enclosure against the stainless steel detector body using an indium ring. The GPSC was vacuum pumped to pressures below 10 −5 mbar and, then, filled with krypton at a pressure of 1.1 bar. The gas was continuously purified by convection through St707 SAES getters [17] , which were set to a stable temperature of about 150 • C.
The GPSC radiation window and its focusing electrode were operated at negative voltage, as well as mesh G1 and respective holder, while mesh G2, its holder and the LAAPD enclosure were maintained at 0 V. The voltage difference between the radiation window and grid G1 determines the reduced electric field E/p -the electric field intensity divided by the gas pressure -in the absorption region, while the voltage applied to grid G1 determines the reduced electric field in the scintillation region. The LAAPD is a deep-UV enhanced series from Advanced Photonix Inc., with 16 mm active diameter, and was biased at 1840 V, corresponding to a gain of approximately 150.
The LAAPD signals were fed through a low-noise, 1 V/pC charge sensitive pre-amplifier (Canberra 2006) to a Tennelec TC 243 linear amplifier with 2-µs shaping time constants, and were pulse-height analysed with a Nucleus PCA-II multi-channel analyser (MCA).
Experimental results
The detector was irradiated with X-rays from a 55 Fe radioactive source, collimated to a diameter of 1.5 mm. Figure 2 depicts a typical pulse-height distribution obtained for these studies. The spectral features comprise the peak resulting from Kr electroluminescence collected in the LAAPD, the peak resulting from the direct interaction of 5.9 keV X-rays in the LAAPD, and the electronic noise tail in the low-energy limit. In the scintillation peak, the Mn K α (5.9 keV) and K β (6.4 keV) lines are overlapped. For better analysis of the response to 5.9 keV X-rays, the Mn K β -line was efficiently eliminated by means of a chromium film placed in front of the radiation window. For pulse amplitude and energy resolution measurements, the pulse-height distributions were fit to Gaussian functions superimposed on a linear background, from which the Gaussian centroid -relative amplitude -and relative FWHM -energy resolution -were determined. In the case of figure 2, the count rate for 5.9 keV X-ray pulses resulting from interactions in the gas and directly in the LAAPD was about 900 and 20 Hz, respectively. The pulse-height distribution exhibits a very low background level in the regions outside the peaks, with a peak-to-valley ratio above 50 for the electroluminescence peak.
The amplitude of the scintillation peak depends on the voltage applied to the GSPC scintillation region as well as on the LAAPD bias voltage. As for the amplitude of the events resulting from direct X-ray interactions in the LAAPD, it depends only on the voltage applied to the LAAPD. In addition, the events ensuing direct interaction in the LAAPD are visible even when the electric field applied to the scintillation region is zero.
The focusing electrode and the G1-holder electrode do not produce a uniform electric field in the drift region, resulting in a significant dependence of both pulse amplitude and energy resolution on the voltage difference applied across the drift region, i.e. between the radiation window and grid G1. Figure 3 presents the detector relative amplitude and energy resolution for 5.9 keV X-rays as a function of reduced electric field in the drift region, for a reduced electric field of 3.4 kV cm −1 bar −1 in the scintillation region. As the drift electric field decreases, the pulse amplitude also decreases and the energy resolution degrades. This is due to the loss of primary electrons to recombination with ions in the gas medium for X-ray interactions in regions close to the detector window, as a result of the very low electric field present in this region. For the present detector geometry, optimum values for the energy resolution are obtained for drift E/p values around 0.4 kV cm −1 bar −1 . [40, 41] . Above an E/p value of about 3.3 kV cm −1 bar −1 , the relative amplitude variation deviates from the linear behaviour, reflecting the exponential growth in the number of electrons present in the scintillation region due to the onset of the ionisation processes by electron impact. Energy resolutions (FWHM) below 10% can be achieved with the Kr-GPSC for 5.9-keV X-rays. This value is much better than those achieved with proportional counters or other MPGDs with Kr-filling. Comparing to Xe-filled GPSCs, the Kr-filling option presents a small degradation in the detector energy resolution, which can be tolerable in specific applications where the Kr lower cost, high absorption cross sections for X-rays in the 14-34 keV range and lower absorption cross section for low-energy X-rays are important assets. Figure 5 presents pulse-height distributions obtained with this GPSC when irradiated by 241 Cm and 244 Am radioactive sources. Photon energies above the Kr K-absorption edge produce intense escape peaks, since the Kr K-fluorescence X-rays resulting from these photon interactions have a significant probability of escaping the drift region. Figures 2 and 5 clearly show that the natural radioactivity of Kr is sufficiently low to produce insignificant background in the considered energy regions for count rates as low as few 10 3 c/s. For higher X-ray energies, the pulse-height distribution deviates from the Gaussian response due to X-ray interactions in the scintillation region, which lead to lower electroluminescence output as the X-rays interacting deeper in the scintillation region produce only partial amplification when crossing the region. 
Conclusions
We have investigated the performance of a Kr-filled GPSC, using a large-area avalanche photodiode as a VUV photosensor. Energy resolution values below 10% for 5.9 keV X-rays were obtained with our prototype, which is much better than those achieved with proportional counters or other MPGDs with Kr-filling. Comparing to Xe-filled GPSCs, the Kr-GPSC presents a small degradation in energy resolution, which can be tolerable in specific applications where the Kr lower cost, high absorption cross sections for X-rays in the 14-34 keV range and lower absorption cross section for low-energy X-rays are important assets.
The performance of the detector in terms of electroluminescence was also investigated. The results follow the typical behaviour of electroluminescence in noble gases, with a scintillation threshold, for krypton, at an E/p value of about 0.5 kV cm −1 bar −1 . This value is in good agreement with simulation and theoretical results. The ionisation threshold was found to be around 3.5 kV cm −1 bar −1 .
Finally, the capabilities of the Kr-GPSC for X-ray spectrometry were demonstrated through several energy spectra collected for radioactive sources with multiple X-ray lines. 
